Background: Spring ligament tear is often found in advanced adult acquired flatfoot deformity and its reconstruction in conjunction with the deltoid ligament has been proposed to restore the tibiotalar and talonavicular joint stability. The aim of the present study is to determine the effect of spring ligament injury and subsequent reconstruction on static joint reactive force using a non-invasive method of measurement. Methods: Ten fresh-frozen human cadaveric lower legs were disarticulated at the knee joint. Static joint reactive force of the tibiotalar and talonavicular joint were measured at baseline, after spring ligament injury, and after ligament reconstruction. Reconstruction consisted of a forked semitendinosis allograft with dual limbs to reconstruct the tibionavicular and tibiocalcaneal ligaments. Findings: The mean baseline joint reactive force of the tibiotalar and talonavicular joints were 37.2 N + 8.1 N and 13.4 N + 4.2 N, respectively. The spring ligament injury model resulted in a significant 29% decrease in tibiotalar joint reactive force. Reconstruction of the tibionavicular limb resulted in a significant increase in tibiotalar and talonavicular joint reactive force compared to those seen in the injury state. Furthermore, the addition of the tibiocalcaneal limb significantly increased tibiotalar joint reactive force compared to those results obtained from the injury state and the tibionavicular limb alone. Interpretation: This is the first study to demonstrate diminished tibiotalar static joint reactive force in a spring ligament injury model with subsequent joint reactive force restoration using two-limbed reconstruction of the deltoid and spring ligament.
Introduction
Adult acquired flatfoot deformity (AAFD) is a common acquired postural disorder resulting from posterior tibialis tendon dysfunction (PTTD). Over time patients with PTTD develop a progressive hindfoot valgus deformity with medial ankle ligament strain. Subsequently, advanced AAFD is often accompanied by a spring ligament insufficiency (Deland et al., 2005) that can lead to worsening medial instability and deltoid dysfunction despite surgical management (Deland, 2008) . Recent anatomic studies suggest that spring and deltoid ligaments are not separate entities, but rather that they form a large confluent ligament, the tibiocalcaneonavicular ligament (TCNL) (Campbell et al., 2014a; Cromeens et al., 2015) . Previous studies reported progressive radiographic and clinical loss of correction achieved with surgical reconstruction of Stage II AAFD (Bolt et al., 2007; Niki et al., 2012) . The effect of a spring ligament insufficiency in the development of peritalar instability has not been elucidated. In particular, the spring ligament's contribution to the maintenance of ankle joint stability has not been investigated. In a biomechanical flatfoot model, reconstruction of the tibionavicular limb of the deltoid ligament resulted in the best correction of talonavicular and hindfoot valgus deformity, compared to the previous studies utilizing an anatomic reconstruction of the spring ligament (Williams et al., 2010) . This finding suggests that reconstruction of the anterior component of the TCNL (i.e., the tibionavicular ligament), which spans across the tibiotalar (TT) and talonavicular (TN) joints, may provide stronger TN joint stability and hindfoot valgus correction than reconstruction of the native spring ligament alone. Based on this, we hypothesized that a large size spring ligament tear extending to the tibionavicular part of the deltoid ligament will result in a decreased stability of the TT and TN joints. Furthermore, reconstruction of the TCNL may provide further medial stability and prevent loss of valgus correction after a reconstruction of an advanced stage of AAFD. Accordingly, we have previously described surgical reconstruction of TCNL with a forked allograft in AAFD patients with a large spring ligament tear (> 1.5 cm) (Grunfeld et al., 2016) .
There have been a number of experimental models that have attempted to investigate the joint mechanics within the foot and ankle with and without pathology (Campbell et al., 2014b; Hunt et al., 2015; Momberger et al., 2000; Xia et al., 2013) . Most of these models required extensive soft tissue dissection and violation of the joint capsuloligamentous complex to insert a special device for force measurement and pressure mapping. Such experimental models could compromise the static integrity of a joint, especially in small to medium joints of the foot and ankle. Previously, a non-invasive method of measuring joint compressive forces was developed in the rabbit knee utilizing a distracting force to estimate the equal and opposite force of static stabilizers. (Yang et al., 2004) This method was translated to the DRUJ with and without pathology in human cadavers (Canham et al., 2015a; Canham et al., 2015b) . Although simulated weight bearing is a more accurate representation of foot and ankle biomechanics, we sought to utilize this method to isolate the contribution of static stabilizers across the joints of interest and assess the biomechanical consequences of compromised or restored medial static stabilizers such as the TCNL complex involving the spring or deltoid ligaments.
Thus the aim of the present study was to utilize this method to determine the TT and TN JRF and what effect a spring ligament injury has on these parameters in the cadaveric foot. We hypothesize that a large size spring ligament tear (> 1.5 cm) results in medial ankle and TN joint instability, represented by a decreased TT and TN JRF. We also hypothesize that reconstruction of the TCNL would lead to increased JRF across the TT and TN joints compared to the injured state, representing improved static stability.
Methods

Materials and joint reaction force (JRF) measurements
Ten fresh frozen cadavers of the lower extremity disarticulated at the knee joint were obtained and examined to rule out pathology. An intramedullary rod with a custom fixation device on the proximal end was inserted through the shaft of the tibia for mounting the specimen to a tensile testing machine (MTS Insight 100, MTS Systems, Eden Prairie, MN-see Fig. 1a ). One Steinmann pin was placed percutaneously through the talar axis of rotation by passing just distal to the tip of each malleolus (Haskell and Mann, 2014) , and another was placed through the center of the navicular preserving all surrounding soft tissue structures. Fluoroscopy was utilized to confirm correct placement of pins. The Steinmann pins were attached to a traction ring allowing for axial distraction of the tibiotalar (TT) or talonavicular (TN) joint using the tensile testing machine (Fig. 2) . A precise distraction force at a rate of 0.4 mm/s was applied in line with the TT joint with a measurement resolution of 0.001 mm and position accuracy of 0.01 mm. Force displacement curves were created for each trial and a best-fit polynomial was calculated for each curve to determine the inflection point, corresponding to the joint reaction force (JRF) (Fig. 1b,c) (Canham et al., 2015a; Ho et al., 2018; Yang et al., 2004) . Each test was run in triplicate with 2 min of rest in between to allow for readings on the extensometer to return to zero indicating a return of soft tissues to their original lengths. The mean of the three trials was utilized for calculating JRF.
Injury and reconstruction model
The spring ligament injury model was created by incising the skin and soft tissue centered over the TN joint. The overlying posterior tibialis posterior tendon was excised and the TN joint capsuloligament complex and blending spring ligament were identified. The TN medial capsuloligamentous complex was released and extended into the plantar aspect of the TN joint. The resection of the TN joint was then extended 1.5 cm proximal along the course of the anterior part of the TCNL. After obtaining TT and TN JRF of the injured model, the TCNL reconstruction was performed utilizing a forked semitendinosis allograft, which was harvested from each cadaver lower leg. The folded portion of the graft was passed through a 6 mm bone tunnel created through the medial malleolar inter-colliculus and fixed to the distal tibia by post-tying to a 3.5 mm cortical screw transversely inserted at the distal tibia (see Fig. 2 ). The tibionavicular limb of the TCNL was reconstructed by passing one limb of the allograft through a 4 mm size bone tunnel created at the navicular tuberosity and sutured back onto itself. Another 4 mm bone tunnel was made just below the sustentaculum tali for passage of the other limb for reconstruction of the tibiocalcaneal limb of the TCNL. JRF measurements were performed after reconstruction of each limb of the TCNL.
Statistical analysis
Mean and standard deviation for each JRF was calculated and repeated measures ANOVA tests were utilized to compare between conditions using Graphpad Prism (La Jolla, CA) with an alpha value of 0.05. A Bonferroni post-hoc analysis was utilized to assess for significant differences in each setting. The p-value stated for the overall ANOVA for each comparison is uncorrected, however the p-values reported for the Bonferroni multiple comparisons test have been corrected utilizing a threshold of 0.0083 (0.05/6 comparisons evaluated.) Precision of repeated measurements were evaluated by the intra-class correlation coefficient (ICC). Accuracy for each force-displacement curve best-fit polynomials were evaluated by the coefficient of determination (R 2 ). Results are displayed ± SD unless otherwise noted and are considered significant if p < 0.05.
Results
Mean baseline TT JRF was 37.2 N (range 27.59 to 52.79) with a standard deviation of 8 N with an R 2 value > 0.99 and an ICC of 0.98.
Spring ligament injury and subsequent repair resulted in significant alterations in TT JRF (p = 0.0074). Injury to the spring ligament resulted in a 29% decrease in TT JRF to 26.6 N (SD 4.8 N) with restoration to 34.8 (SD 10.8 N) after reconstruction of the tibionavicular limb of the TCNL (Fig. 3A and C) . Addition of the tibiocalcaneal limb reconstruction resulted in a further increase in TT JRF (mean 40.8, SD 17.5 N, p < 0.05), a significant increase compared to the injured spring ligament. Like the ankle joint, spring ligament injury and repair resulted in statistically significant changes in TN JRF (p = 0.02). Mean baseline TN JRF was 13.4 N (range 6.4 to 20.06) with a standard deviation of 4.3 N with an R 2 value > 0.99 and an ICC of 0.98. (Fig. 3B and D) . Although injury to the spring ligament resulted in a decreased TN JRF (mean 11.7 N, SD 3.7 N), it did not reach statistical significance. Post-hoc analysis demonstrated that reconstruction of the tibionavicular limb and addition of the tibiocalcaneal limb of the TCNL each resulted in a statistically significant increase in TN JRF compared to the injury state (mean 18.2 N and 19.4, SD 8.0 and 9.0 N, respectively, p < 0.05).
There was no significant increment of TN JRF by adding tibiocalcaneal limb of the TCNL (mean 19.4 and 18.4 N, SD 9.0 N and 8.0 N respectively), however it is possible that in utilizing the Bonferroni multiple comparison's test, the threshold used to obtain a corrected p-value may be too strict and would miss subtle differences.
Discussion
This study demonstrates that a spring ligament injury diminishes the TT JRF, a finding that suggests ankle joint instability. Furthermore, the study reveals that repair of the TCNL complex, using a 2-limbed forked semitendinosis graft, increased TT and TN JRF to levels similar to those observed at baseline. Reconstruction with solely the tibionavicular limb resulted in a significant increase in TT JRF. However, the addition of the tibiocalcaneal limb resulted in a significant increase in TT and TN JRF compared to the injury state. Taken together, these results suggest that reconstruction of the TCNL using a 2-limbed forked allograft following a spring ligament can restore static stability around the talus. This is the first biomechanical study demonstrating alterations in static peritalar JRF in response to a spring ligament injury and subsequent repair. Initial baseline measurements and variation obtained in the TT and TN joints are in line with what would be expected based on joint size and weight bearing capacity. (Canham et al., 2015a; Canham et al., 2015b; Yang et al., 2004) An average ICC of 0.98 suggests high precision and repeatability of the JRF measurements. In addition, minimal changes noted with repeated measurements on cadavers suggest that our applied force and distraction did not damage or destabilized the soft tissue.
The model presented here demonstrates that an isolated spring ligament injury is sufficient to alter the static joint mechanics of the tibiotalar and talonavicular joints. The presence of a tear or insufficiency of spring ligament is commonly seen in patients with advanced stages of AAFD (Orr and Nunley 2nd, 2013 ). In the current study, the spring ligament injury resulted in significant changes in tibiotalar JRF; therefore the contribution of the spring ligament injury to the progression of medial ankle instability may have been underappreciated. Historically the deltoid and spring ligaments were considered separate entities, however recent anatomical studies suggest that this view may be overly simplistic. Campbell et al. demonstrated that the deep posterior tibiotalar, tibionavicular and tibiospring ligament were most consistently found in the deltoid ligament complex and that fibers from the superficial deltoid ligament coalesce with the dorsal aspect of the spring ligament (Campbell et al., 2014a) . Furthermore, the tibiospring and tibionavicular ligaments, also known as the tibiocalcaneonavicular ligament (TCNL), have the largest total attachment area in the medial aspect of the medial ligament complex (Cromeens et al., 2015) . Therefore, one would surmise that the TCNL provides significant medial stability to the ankle joint. Reconstruction of the spring ligament using a peroneous longus allograft has been suggested as a method to restore hindfoot alignment when not corrected with bony procedures alone (Williams et al., 2010) . Furthermore, Baxter et al. have demonstrated that reconstruction of the medial talonavicular joint with a tibionavicular reconstruction was Fig. 1. (A) Schematic of setup including location of Steinmann pins and placement into traction ring of tensile testing machine to allow for TN JRF measurements. A similar setup was performed to measure tibiotalar JRF. Representative force displacement curve for (B) tibiotalar and (C) talonavicular joint JRF measurements. Inflection point is bolded and best fit polynomial and R-squared value is displayed. superior to anatomic spring ligament reconstruction in a cadaver model (Baxter et al., 2015) . Based on the above anatomic and biomechanical studies, a two-limb anatomic reconstruction of TCNL was developed, using a folded allograft to reconstruct both tibionavicular limb and tibiocalcaneal limbs (Grunfeld et al., 2016 ). In the current study, the tibionavicular limb of the graft was sufficient to restore the TT, but not the TN, JRF. The addition of the tibiocalcaneal limb significantly increased TT and TN JRF compared to the injury state, which suggests that the additional stability is conferred by the tibiocalcaneal limb repair.
There are a number of limitations to this study. First, this study was done in cadavers without simulated weight bearing; therefore we are unable to account for the dynamic stabilizing contribution of the surrounding musculature. Despite this, our model relies on a percutaneous placement of instrumentation with little soft tissue disturbance and no violation of the joint capsule; therefore this allows for a more accurate estimation of static ligamentous constraints compared to other previously utilized models. Previous biomechanical studies employing a force or pressure measurement device, such as Tekscan, are less able to obtain force measurements in small curved articular surfaces due to device liminations (Momberger et al., 2000; Xia et al., 2013) . Another limitation of this study was the lack of subtalar JRF measurements. While the primary effects of the spring ligament injury and reconstruction occur in the TN and TT joints, one would expect that there are also alterations in subtalar joint mechanics, especially when utilizing the 2 limb reconstruction of the TCNL, as mentioned above. Finally, we did not create a true flat foot model or performed osseous realignment procedures; therefore, the ability to apply our findings for surgical reconstruction of AAFD needs to be investigated further. Despite these limitations, this model enables us to isolate the biomechanical effect of the static stabilizers around the TT and TN joints.
Conclusion
This is the first study to employ a non-invasive method of JRF measurements to demonstrate the effect of a spring ligament tear on static TT and TN JRF. Furthermore, it was demonstrated that the loss of static TT JRF with spring ligament injury was restored with TCNL reconstruction. The use of a two-limbed reconstruction of TCNL may result in enhanced medial joint stability compared to anatomic repair of the spring ligament alone, given the enhanced TT JRF observed with the addition of the tibiocalcaneal limb in the present study. Finally, reconstruction of the TCNL may improve medial stability during operative treatment for AAFD in the presence of a large spring ligament tear, preventing further progression of a valgus deformity. Fig. 3 . Individual cadaver (A) tibiotalar (TT) and (B) talonavicular (TN) JRFs at baseline, in response to spring ligament injury, and reconstruction of TCNL with tibionavicular and tibiocalcaneal limbs. Pooled results for TT and TN JRF are found in (C) and (D), respectively. The repeated one way ANOVA was significant for both TT and TN JRF (p = 0.0074 and p = 0.02, respectively) # p < 0.05 compared to spring ligament injury JRF using Bonferroni post-hoc multiple comparisons test.
